Attention readily facilitates the detection and discrimination of objects, but it is not known whether it helps to form the vast volume of visual space that contains the objects and where actions are implemented. Conventional wisdom suggests not, given the effortless ease with which we perceive threedimensional (3D) scenes on opening our eyes. Here, we show evidence to the contrary. In Experiment 1, the observer judged the location of a briefly presented target, placed either on the textured ground or ceiling surface. Judged location was more accurate for a target on the ground, provided that the ground was visible and that the observer directed attention to the lower visual field, not the upper field. This reveals that attention facilitates space perception with reference to the ground. Experiment 2 showed that judged location of a target in mid-air, with both ground and ceiling surfaces present, was more accurate when the observer directed their attention to the lower visual field; this indicates that the attention effect extends to visual space above the ground. These findings underscore the role of attention in anchoring visual orientation in space, which is arguably a primal event that enhances one's ability to interact with objects and surface layouts within the visual space. The fact that the effect of attention was contingent on the ground being visible suggests that our terrestrial visual system is best served by its ecological niche.
, possibly due to our dependence on the ground for support. Thus, the visual system can efficiently represent the ground surface using external depth information and/ or its intrinsic spatial knowledge of our ecological niche. Referred to as the intrinsic bias, intrinsic spatial knowledge is best revealed in the dark, where a dimly lit target on the ground is perceived to be located along its projection line from the eyes of the observer, but raised and closer to the observer. Successive measurements of the perceived locations of the dimly lit target at various distances on the ground reveal that the perceived locations fall along an imaginary slanted surface that is the intrinsic bias (Fig. 1a ) [5] [6] [7] [8] [9] . The interplay between the intrinsic bias and visual cues that represent the ground surface is revealed in a reduced cue environment, where the ground surface is sparsely delineated by an array of dimly lit texture elements (Fig. 1b) . This leads to a target on the ground being perceived at a location that is slightly further away than that in the dark, along an implicit slanted surface that is less slanted than the intrinsic bias's surface. Essentially, the visible ground surface helps expand the volume of visual space from relative compression [9] [10] . We hypothesized that if attention to the lower visual field affects the representation of the ground surface, it should consequently influence the perceived locations of targets that utilize ground representation as a reference frame. To investigate this, we used Posner's attention paradigm 11 to direct attention to, or away from, the ground surface and conducted space perception testing. We predicted that when the ground surface was weakly delineated by texture elements and the observer directed attention to the lower field (attention lower, Fig. 2a ), the perceived target location would be more accurate, compared with when the observer directed attention to the upper field (attention upper, Fig. 2b ). We also tested the complementary scenario, where the visible surface was the ceiling rather than the ground. However, we did not predict a strong effect of attention, owing to the lower field bias of attention 12 and/or insufficient visual representation of the ceiling surface in the upper field [13] [14] [15] . We tested the predictions in a test block that comprises three different stimulus background conditions: ground texture (Fig. 2c) , ceiling texture (Fig. 2d ) and no texture (dark). Each test trial began with the observer binocularly fixating a small light-emitting diode (LED) at eye level (1.5 m) in the dark. To ensure stable fixation, the experimenter randomly flickered the LED and required the observer to verbally indicate whenever the flicker was detected. (Please refer to our control experiment in the Supplementary Information, which shows that the ability to detect a flickering target was contingent on the target not deviating from the fixation point by more than 1.5°.) Meanwhile, the observer was also instructed to direct their attention to either the lower (attention lower) or upper (attention upper) field. The fixation LED was presented for 4-6 s before being switched off. This was followed (interstimulus interval (ISI) = 0 s) by the presentation of one of the three background conditions for 0.15 s. Then, a test LED target (1 s) was presented (ISI = 0 s) at a predetermined location in the upper or lower field. The target was coplanar with either the ceiling-or ground-texture surface, while its distance varied among trials. The observer judged the target location and responded by walking blindly to the judged location 5, [16] [17] [18] [19] . On reaching the destination, the observer gestured the remembered target height. The walked distance (x) and gestured height (y) defined the judged target location. Figure 3a plots the physical target locations (+ symbols) and average judged locations (coloured symbols). For targets below eye level, judged locations were closer to the physical locations (more accurate) in the attention-lower compared with the attention-upper paradigm, when the ground-texture background was present (filled and open green triangles, respectively). Notably, the profile of the attention-lower data extends forward and is less slanted than that of the attention-upper data. This increased accuracy was not due to the effect of attention on target detection alone, based on results from the ceiling-texture and dark conditions, where the observer directed their attention to the lower field, but there was no ground texture.
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In fact, the judged locations of targets below eye level in the ceilingtexture (green diamonds) and dark (red triangles) conditions were similar to those made when the observers directed attention to the upper field (open green triangles) in the presence of ground texture. This similarity indicates that ground texture is not well represented without attention being drawn to it. These findings support the prediction (Figs 2a,b) that attention directed to ground texture leads to more accurate target localization. For the targets above eye level, judged locations in the presence of ceiling texture were not better when attention was paid to the upper field (filled blue triangles) compared with the lower field (open blue triangles). This suggests that attention has little effect on the representation of ceiling-texture surface. (Increasing the ceilingtexture display duration from 150 to 500 ms did not significantly improve accuracy in the attention-upper paradigm.) Furthermore, the findings are similar to the ground-texture (blue diamonds) and dark (red triangles) conditions when the observer directed their attention to the upper field.
We derived the judged eye-to-target distances using the formula
, where h is the observer's eye height, and x and y represent the judged location. For targets below eye level (Fig. 3b) , judged eye-to-target distance was longer in the attention-lower (filled green triangles) than the attention-upper (open green triangles) paradigm, when ground texture was present (main effect of attention: F(1,5) = 85.43, P < 0.001; main effect of distance: F(2,10) = 42.15, P < 0.001; interaction: F(2,10) = 13.72, P < 0.001). There were no significant differences among the data obtained from three conditions: (1) the ceiling-texture condition (green diamonds) when attention was directed to the lower field; (2) the dark condition (filled red triangles) when attention was directed to the lower field; and (3) the ground-texture condition (open green triangles) when attention was directed to the upper field (main effect of test condition: F(2,10) = 2.08, P = 0.175; main effect of distance: F(2,10) = 36.35, P < 0.001; interaction: F(4,20) = 1.42, P = 0.262). Most notably, no significant differences between the attention-lower dark condition (filled red triangles) and attention-upper groundtexture condition (open green triangles) paradigms suggests that without attention being directed to the texture on the ground, the ground texture itself contributes little to space perception. It is as if the texture on the ground becomes invisible without attention being paid to it. This finding underscores the critical role of visual attention in space perception.
For targets above eye level ( Fig. 3c) , there was no significant difference between directing attention to the upper (filled blue triangles) or lower (open blue triangles) field, under the ceilingtexture condition (main effect of attention: F(1,5) = 1.57, P = 0.265; main effect of distance: F(2,10) = 15.68, P < 0.005; interaction: F(2,10) = 0.48, P = 0.633). There were significant differences among three conditions: (1) the ground-texture condition (blue diamonds) when attention was directed to the upper field; (2) the dark condition (red triangles) when attention was directed to the upper field; (3) the ceiling-texture condition (open blue triangle) when attention was directed to the lower field (main effect of test condition: F(2,10) = 5.30, P < 0.05; main effect of distance: F(2,10) = 16.54, P < 0.001; interaction: F(4,20) = 0.80, P = 0.542). Pairwise comparisons showed that only the ground-texture and dark conditions were significantly different (P < 0.005).
Since ground representation is the reference frame for locating a target in mid-air 15, [19] [20] [21] , attention should affect spatial perception above the ground surface, that is, the volume of perceptual space extending from the observer's eyes to the ground surface representation. To investigate this, we modified the stimuli in Experiment 1 
LETTERS NATURE HUMAN BEHAVIOUR
by placing the target at eye level instead of having it coplanar with the textured surface and by presenting both the ground-texture and ceiling-texture backgrounds simultaneously (Experiment 2, Fig. 4a ). Figure 4b shows the average judged eye-to-target distance. As predicted, observers judged the target as farther away (more accurate) when they directed attention to the lower (green triangles) compared with the upper (blue triangles) field (main effect of attention direction: F(1,5) = 119.44, P < 0.001; main effect of distance: F(3,15) = 23.91, P < 0.001; interaction: F(3,15) = 23.32, P = 0.001). The attention effect is tied to the textured ground surface, because there was no significant difference between directing attention to the lower (red inverted triangles) or upper (red upright triangles) field under the dark condition (main effect of attention direction: F(1,5) = 0.001, P = 0.973; main effect of distance: F(1.43,7.13) = 10.38, P < 0.05; interaction: F(3,15) = 0.38, P = 0.77). Also, judged distance was slightly longer, though not significantly, when attention was directed to the upper field under the texture condition (blue triangles) compared with the dark condition (red upright triangles) (main effect of texture: F(1,5) = 2.27, P = 0.192; main effect of distance: F(3,15) = 10.92, P < 0.001; interaction: F(3,15) = 0.26, P = 0.994). This again suggests the visual system does not represent a textured surface well without attention being directed to it. Overall, our experiments indicate that attention to the visible ground is vital for forming accurate visual space. Our study is distinct from previous studies that focused on the role of attention in representing objects embedded in structured backgrounds [22] [23] [24] ; these studies did not address whether attention affected the construction of the 3D visual space wherein the target and structured background were located. Instead, they assumed visual space was pre-attentively established and the role of attention was to select the target within the visual space. This assumption is largely reasonable, since the stimuli in a typical experiment were presented on a two-dimensional (2D) computer screen. The observer would have ample time to form the visual space encompassing the computer screen before the stimulus onset, making consideration about 3D visual space formation moot. Therefore, our study is also distinct in that the attention mechanism responsible for visual space operates over a large spatial scale, rather than on a local target(s). That is, the attention process tested in our study here is more 'ambient' . We previously showed that being able to access a larger surface area leads to more accurate ground surface representation and more reliable space perception [25] [26] . Such an ambient attention process is distinct from focal attention, in that focal attention operates on isolated objects and mainly affects the relative spatial relationship between targets 27 . Studies of real-world scenes displayed on a 2D computer screen (not real, 3D space) often require the observers to extract the global scene properties, such as its spatial layout (for example, qualitative depth) and meaning (for example, an urban versus natural scene) [28] [29] [30] [31] . For instance, on presentation of a single picture of a real-world scene on a 2D computer screen, it was found that observers could quickly determine the scene's category (for example, qualitative mean depth and navigability) 30 within a stimulus duration as short as 19 ms. This kind of observation might lead one to assume that attention is not required for capturing the global features of a scene. The assumption, however, is inconsistent with the finding that attention is required to search for a 2D picture of a real-world scene with a unique global scene property among other distracting scenes without the unique property 32 . On the other hand, the ambient attention revealed in our study plays a critical role in forming 3D perceptual space to facilitate object localization and direct actions in the real world. We speculate that the role of ambient attention could also be extended to perception of real 3D objects, since perceived shapes and sizes are scaled with perceptual distance. Our findings also allow us to speculate about how humans can reliably and effortlessly perceive the vast visual space, despite the huge amount of information contained in natural scenes. First, having adapted to the terrestrial environment, our brain is 'hard-wired' to efficiently construct the ground representation for The perceived eye-to-target distance is derived from the judged target location. In the presence of the texture displays, perceived distance was further away (closer to the target) when attention was directed to the lower field (green triangles) compared with the upper field (blue triangles). When the texture displays were removed (dark condition), the attention effect was not found (red triangles). The error bars represent standard error of the mean.
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Immediately following the fixation period (ISI = 0 s), a textured background comprising a 2 × 4 array of dimly lit red LED elements (0.08 cd m A 5 Hz flickering test target was presented for 1 s immediately following the textured background or darkness presentation (ISI = 0 s). The test target was constructed from a ping-pong ball that was internally illuminated by a green LED (0.16 cd m −2 ) and controlled by a computer. An iris-diaphragm aperture in the front of the ping-pong ball kept its visual angle at 0.19° when measured at eye level.
Procedure. At the start of each experimental session, the blindfolded observer was led to the illuminated waiting area (1.2 × 2.5 m) at one end of the test room. The observer then sat on the chair facing the wall (opposite the test area) and removed their blindfold to wait for the start of a trial.
Before each trial, the observer was told to either pay attention to the upper or lower visual field. The experimenter then presented a computer-generated tone to signal the observer to turn off the tungsten lamp in the waiting area, which rendered the test room completely dark. Then, the observer walked to the starting point (the observation position was marked by fluorescent elements on the floor) with the aid of the guidance rope, stood upright and called out, "ready". The trial started after a 5 s delay. The sequence of the trial was: (i) fixation to maintain the observer's eye alignment while directing attention to either the upper or lower field and reporting whenever the fixation flickered off; (ii) textured background or darkness presentation; (iii) target presentation and observer judgement of location. Once the observer was satisfied with their judgment of the target location, they closed their eyes, put on the blindfold and called out "ready to go". Upon which, the experimenter immediately removed the target and shook the guidance rope to indicate the test area was safe for walking. The observer then walked to the remembered target location while sliding one hand along the guidance rope. When the observer reached the remembered location, they stopped and indicated the target height with the tip of a 1-m rod, and reported, "done". The experimenter marked the location of the observer's feet and measured the height of the 1-m rod tip. These measurements were recorded as the judged target location. The observer was then instructed to turn around and walked back to the waiting area, where they removed the blindfold, turned on the lamp, sat on the chair and waited for the next trial. In the meantime, the experimenter prepared the next trial.
The observers were given five practice trials before each experimental session. No feedback regarding their performance was given. During the experiment, music was played to mask possible acoustic cues from revealing the target location. Experiment 2. Design. In Experiment 2 the target was positioned at eye level. All aspects of the experiment remained the same as those of Experiment 1, except for the target location and the presentation mode of the textured surfaces. The target was located at the observer's eye level and at one of four distances (3.25, 4.5, 6 and 7.5 m). The target was presented after the ground and ceiling textured surfaces were presented simultaneously (in contrast to Experiment 1, where only one of these surfaces was presented). As in Experiment 1, trials were also conducted under the dark condition. The observers were required to deploy their attention to either the upper or lower visual field. The trials with textured surfaces were repeated three times for each target location, while the trials in the dark were tested once for each target location. The total, 32 trials, were tested in one session.
Similar to Experiment 1, the observers were able to successfully report the turning-off of the fixation target during the fixation period (average success rate = 99.0% ± 0.7%). The average incidence of the observers reporting that they felt their eye moved was also low (3.7% ± 2.0%).
Data analyses. Data were analysed using analysis of variance with repeated measures. The Mauchly's test was applied to verify the assumption of sphericity.
Data availability. The data sets generated are available from the corresponding authors upon reasonable request.
use as a scaffold for the entire visual space. Second, we habitually orient to the lower field because our gaze tends to fixate on, or near, the ground surface, where objects of interest are frequently encountered. As visual attention is often directed to, or near, the ground surface, the process of deploying attention to the ground surface becomes more efficient through experience. Indeed, we revealed a stronger attention effect on the ground than on the ceiling texture surface. Both factors contribute to the rapid formation of a reliable visual space, providing the context for us to efficiently pay attention to objects and to direct and guide our actions in the terrestrial environment 22, [33] [34] .
Methods
Observers. Six paid observers with informed consent (age = 23.33 ± 1.46 years old; eye height = 1.50 ± 0.02 m; 3 males and 3 females) who were naïve to the purpose of the study participated in both experiments. (As such, the experimenters were not blinded to subject group allocation.) The observers were either undergraduate or graduate students at the East China Normal University (ECNU) who responded to subject recruitment flyers that were posted on campus. All observers had normal, or corrected-to-normal, visual acuity (at least 20/20) and a stereoscopic resolution of a 20 arcsec or better. They viewed the visual scene binocularly. The observer sample size follows the number of subjects used by similar studies in the field. A within-subject experimental design was used. The study protocol was approved by the ECNU Institutional Review Board. Experiment 1. Design. In Experiment 1 the target was positioned coplanar with the ground-or ceiling-textured surface. The three conditions tested were the ground-texture, ceiling-texture and dark conditions. For standardization among observers, the background texture surface delineating the ground was placed 0.35 m above the floor and the background surface delineating the ceiling was placed at twice the observer's eye height minus 0.35 m. The test target was placed at one of three distances (4.5, 6 and 7.5 m) either in the lower visual field (height = 0.35 m above the floor) or the upper visual field (height = (2 × observer's eye height) − 0.35 m).
During a trial, the test target was presented in either the upper or lower visual field, in the dark or in the presence of either the ceiling texture or ground texture. In addition, the observer was required to direct attention to either the upper or lower visual field. In all, there were 24 stimulus combinations, comprising 12 for testing the target in the lower field (3 target locations × [dark/attention lower + ceiling texture/attention lower + ground texture/attention upper + ground texture/attention lower]) and 12 for testing the target in the upper field (3 target locations × [dark/attention upper + ground texture/attention upper + ceiling texture/attention upper + ceiling texture/attention lower]).
Eight catch trials were added, comprising targets at 3.25 m with or without the background (4 trials) and targets at 6 and 7 m with the background presented for 500 ms (instead of 150 ms, as in the test trials) (4 trials). Attention was always deployed to the field of the upcoming catch-trial target. The target heights for the catch trials were the same as in the test trials. The purpose of including catch trials in the experiment was to prevent the observer from simply expecting that the targets would only be presented within a narrow range of distance and stimulus duration. Altogether, a total of 128 trials (24 test and 8 catch trials with 4 repeats) were run over four days (sessions). The order of stimulus presentation was randomized, with the first and fourth sessions adopting the same randomization sequence and the second and third sessions having the reversed randomization sequence.
Stimuli and test environment. The experiment was performed in a dark room (8 m × 13 m), of which the layout and dimensions were unknown to the observers. Its ceiling (3.1 m high) and walls were painted black and the floor was covered with a black carpet. A 15 m-long rope (0.8 m above the floor) tied to both ends of the room was used to guide the observer while blind walking. One end of the room (1.2 × 2.5 m) served as a waiting area for the observer between trials. The waiting area had a chair for the observer to sit on facing the wall (opposite the test area) and a tungsten lamp for illumination.
A 0.19° red fixation target constructed from a dimly lit LED (0.08 cd m −2 ) housed inside a ping-pong ball was located at the observer's eye level from a viewing distance of 1.5 m. To ensure steady fixation while directing attention to either the upper or lower field, the fixation LED was randomly turned off for 0.1 s and the observer was required to correctly indicate that it was turned off. The random turning off of the fixation target occurred between 1-3 times within a 4-6 s fixation period. If the observer failed to report that the fixation was briefly turned off, the trial would be terminated and repeated at the end of the test block. All observers were able to maintain fixation and successfully reported the fixation turn-off at an average rate of 95.2% ± 1.2%. In addition, if an observer felt their eye moved during a trial, they would indicate this and the trial would be abandoned; this seldom occurred (2.2% ± 1.2%).
